Bulk transport properties of bismuth selenide thin films grown by magnetron sputtering approaching the two-dimensional limit Transport properties of topological insulator Bi 2 Se 3 thin films are investigated with an emphasis on understanding finite-size effects as the two-dimensional limit is approached. Ultra-smooth, (000l)-orientated Bi 2 Se 3 thin-films fabricated using radio-frequency magnetron sputtering reveal disproportionately large changes in bulk resistivity and Hall mobility below six quintuple layers (QL). We correlate such changes to the bulk (other than surface) electronic structure where a bandgap enlargement is observed below six QL in optical absorption spectroscopy measurements. This effect is strongest at the three and two quintuple layers that show the largest changes in bandgap. Temperature dependent transport measurements reveal the effect of disorder from substrate and high carrier concentration. Films on sapphire substrate demonstrate better transport properties compared to amorphous quartz. While temperature dependence of bulk resistivity is both thickness and substrate sensitive, the temperature dependence of Hall coefficient is determined only by the carrier concentration in films. Our work highlights the influence of the bulk electronic structure on the transport properties of few-layer Bi 2 Se 3 which is of interest in the applied areas of optoelectronics, nanoelectronics, and spintronics. Published by AIP Publishing. https://doi.org/10.1063/1.5018856
I. INTRODUCTION
Topological insulators (TIs) are a new class of matter with bulk insulating states combined with topologically protected metallic surface states. 1, 2 Experimental realization of 3D topological states at room temperature and in the absence of an external magnetic field has widened the interest of such materials beyond condensed matter physics. [3] [4] [5] [6] Apart from applications in spintronics and fault-tolerant quantum computing, [7] [8] [9] [10] [11] topological states are now considered for a variety of applications such as interconnects 12 and low-power electronics. 13 In this respect, the useful material properties must survive various tests of scalability and compatibility. Therefore, understanding the properties of TIs in the twodimensional limit will provide the platform for future investigations regarding their applications.
Bismuth selenide (Bi 2 Se 3 ) is the prototypical topological insulator material. Discovery of single Dirac cone 4 at the Brillouin zone center in Bi 2 Se 3 has fueled tremendous interest in the research community. It is also a recognized thermoelectric material with a relatively small bandgap (0.3 eV in bulk form). Therefore, Bi 2 Se 3 is an ideal system for exploratory investigations regarding the application of TIs. Various thin-film growth methods can be employed to grow TI materials. High-quality Bi 2 Se 3 films down to 2 quintuple layers (QL) has been established using Molecular Beam Epitaxy (MBE) method on sapphire, [14] [15] [16] whereas properties on Si, [17] [18] [19] SiO 2 , 20 GaAs, 21 and other underlayers 22, 23 have also been investigated. 24 Other growth methods are also gaining attention such as Pulsed laser deposition (PLD), 25, 26 chemical vapor deposition 27 and magnetron sputtering. 28, 29 From an application point of view, magnetron sputtering is highly versatile and a well-established method for growing a variety of heterostructures in applied areas such as spintronics. Therefore, investigation of TI materials grown using magnetron sputtering is relevant. Investigation of transport properties is of paramount importance to properly utilize the conducting surface states for device applications. Single crystal and thin-film Bi 2 Se 3 are prone to high bulk carrier concentration, irrespective of growth method. The high carrier concentration is also induced by mechanical exfoliation, 30 and exposure to ambient conditions. 31, 32 Studies show that chemical doping, 33, 34 electrochemical doping 30 and synthesis in Se-rich conditions 35 can lower the bulk carrier concentration in Bi 2 Se 3 . But as many recent investigations reveal, high carrier concentration samples do not necessarily preclude investigations and application of TIs. [36] [37] [38] [39] This work is focused on investigating the transport properties of Bi 2 Se 3 thin films grown using radio-frequency magnetron sputtering method and understand the variation of carrier concentration, resistivity, and mobility as the twodimensional limit is approached (few-layer properties). Hall measurements reveal high bulk carrier concentration in all films irrespective of thickness and substrate. Bulk resistivity and Hall mobility values show disproportionately large variation with reduced thickness that is consistent with prior reports on MBE grown thin-films [14] [15] [16] [17] and few-layer single crystal. 40 Leveraging on our prior work, where we demonstrated optical blue-shift in few-layer Bi 2 Se 3 compared to bulk, 29 we correlate the higher resistivity and reduced mobility behavior at the few-layer level directly to the increase in the bulk bandgap of Bi 2 Se 3 . We also show that the choice of the substrate can strongly influence transport properties through film-substrate disorder as the conductivity, and mobility values as a result, of films are lower on amorphous quartz compared to crystalline Al 2 O 3 . Overall, we highlight several interesting properties of few-layer Bi 2 Se 3 for potential device applications.
II. EXPERIMENTAL DETAILS
Bi 2 Se 3 thin films was grown using commercially available stoichiometric target (Kurt Lesker, 99.999% purity) and RF sputtered in a high vacuum magnetron sputtering system (base pressure $4 Â 10 À9 Torr). The growth rate was over 10-15 QL/min under moderate power conditions. Initially, many films were grown at room temperature and annealed in-situ at 300 C on various substrates such as Si/SiO 2 (100 nm), amorphous BN-buffered Si, (001)-oriented Si with a native SiO 2 layer, c-oriented Al 2 O 3 (sapphire), and amorphous quartz (SiO 2 ). The crystal structure and interface quality using X-ray diffraction (XRD) and X-ray reflectivity (XRR) method were investigated using a high-resolution Rigaku Smartlab Diffractometer. Transport properties were evaluated primarily on quartz substrates to directly correlate with prior optical bandgap measurements of Bi 2 Se 3 by the authors 29 and avoid spurious interference from substrates such as Si/SiO 2 . Additional samples on sapphire substrates were fabricated to investigate substrate-induced disorder. Transport and Hall measurements were performed using a NanoMagnetics Instruments ezHEMS system in the Van-der-Pauw (VDP) geometry to obtain a vast range of parameters such as carriertype, 2D and 3D carrier concentration, sheet resistance, bulk resistivity, and Hall mobility as a function of thickness and temperature. Measurements were performed on exposed thin films deposited on 1 Â 1 cm substrates immediately after sample fabrication and repeated whenever necessary by making new samples. Four-probe ohmic contacts made by making light contacts with Au/Cr probes onto silver paint deposited at the corners of square samples provided linear I-V curves (see Figs. S1 and S2). Hall measurements were performed using 1-100 lA current (depending on sample resistance) and a constant low magnetic field (0.66 T) provided by a set of permanent magnets. Surface morphology of few-layer Bi 2 Se 3 was evaluated using the atomic force microscopy (AFM) technique with a Park Scientific Auto-Probe CP AFM.
III. RESULTS AND DISCUSSION
In Fig. 1(a) , we show the X-ray reflectivity (XRR) pattern of approximately 10-12 QL Bi 2 Se 3 films grown on different substrates. An oscillatory pattern is observed in all cases, which indicates a sharp interface with the substrate. Analysis of the critical angle reveals that the measured film densities are higher than the bulk value of 6.8 g/cm 3 by about 15%-20%. Though this may be within the error margin of our measurement, it might also indicate the formation of a thin layer of Bi 2 O 3 at the surface which has a higher density than Bi 2 Se 3 . Fits to the XRR data quantify the film roughness value. We observe that all films show less than 1 QL roughness regardless of the substrate. Particularly, the film on Al 2 O 3 is virtually atomically smooth, while the film on Si/ SiO 2 shows 0.45 nm rms roughness. The film on bare Si (with a native oxide layer) and amorphous-BN buffered Si show marginally higher but a comparable roughness of 0.9 and 0.7 nm, respectively. Such results demonstrate that atomically smooth substrates show better film morphology.
In Fig. 1(b) , we show the high-resolution h-2h X-ray diffraction scans of the films shown in Fig. 1(a) . Only (000l) Bi 2 Se 3 peaks are observed on all substrates apart from substrate peaks (indicated by "Sub") indicating out-of-plane (caxis) growth in all cases. The film on Al 2 O 3 (red) shows the highest intensity among all substrates whereas the film on amorphous BN (green) shows the lowest XRD intensity [by almost a factor of five for the (0006) peak]. The films on Si/ SiO 2 and Si are of intermediate quality. Full-width-at-halfmaxima (FWHM) values also show a similar trend. There is no significant difference in the out-of-plane lattice parameter which indicates that strain effect is not important for Bi 2 Se 3 , which is reasonable for a layered material. Taken together with X-ray reflectivity data, Bi 2 Se 3 films on Al 2 O 3 show the best structural and topographic characteristics, while films on amorphous substrates, particularly Si/SiO 2 , are also promising. The structural behavior of sputtered samples is consistent with MBE grown thin-films. [14] [15] [16] [17] [18] [19] [20] [21] We conducted Atomic Force Microscopy (AFM) scans of films on quartz substrates (the samples used for transport measurements) that are not accessible via XRR. photographic images also show uniform and thicknessconsistent color (see Fig. S1 ). Therefore, all evidence shows that the films are ultra-smooth, and reliable transport measurements are possible down to the 2 QL level.
In Fig. 3 , we describe the thickness dependent XRD measurements. Figure 3(a) shows the high-resolution XRD pattern of a 35 nm Bi 2 Se 3 film deposited on the Si/SiO 2 substrate. Various (000l) peaks assigned to Bi 2 Se 3 are clearly observed. The intensities are normalized with respect to the highest (0006) peak and compared to a simulated pattern 41 of bulk Bi 2 Se 3 42 that is indicated by the black stars. As evident, apart from the excellent agreement in the Bragg peak, the experimental intensities match the simulated values for all but the (00015) peak. This indicates the growth of highly oriented, strain-free, Bi 2 Se 3 films with a bulk-like crystal structure. The oriented crystal structure is also observed over a wide thickness range as shown in Fig. 3(b) , where (000l) peaks are observed down to 6 QL. In Figs. S3 and S4 of the supplementary material, we plot the XRD data of the 4 nm Bi 2 Se 3 on the sapphire and quartz substrate. It is reasonable to assume that the structural integrity is maintained in films lower than 4 QL as optical absorption spectroscopy measurements show features consistent with a strong crystal structure down to 2 QL (see Fig. S5 and Ref. 29) . We now shall discuss the transport properties of the characterized films on quartz substrates.
In Table I , we report the room temperature values of various transport properties for films on quartz substrates along with their optical bandgap as reported previously by the authors. 29 A close inspection reveals that thickness has a strong impact on various aspects of transport, particularly below 6 QL. Let us discuss them one by one. In Fig. 4(a) , we show the variation of sheet carrier concentration (n 2D ) with thickness. The data can be separated into two regimes as indicated by the two dashed straight lines for guidance. Between 90 and 6 QL, there is a slow monotonic reduction in 2D by about a factor of 2 or 3. However below 6 QL, we notice a much sharper reduction by a factor of 5-6 as the thickness approaches 2 QL. Specifically, n 2D values for the 2, 3, 4, and 6 QL films are 1.8, 2.9, 6.0, and 9.8 Â 10 13 cm
À2
. Even though the values are of the same order of magnitude, the sharp monotonic drop is noteworthy in the context of electronic structure changes for a relatively small change in thickness. 29, 43, 44 Our data qualitatively agrees with reports on MBE grown samples [14] [15] [16] and compared in Table T1 . Liu et al. 15 reported a carrier concentration of (3.5 6 0.5) Â 10 13 cm À2 in 1-6 QL films and mentioned the slight changes with thickness (but not quantified). Bansal et al. 14 reported 1.9 Â 10 13 cm À2 for a 2 QL film, which is very close to our value. Similarly, Richardella et al. 21 reported a carrier concentration of 1.2 Â 10 13 cm À2 for a 3 QL film which is also close to our report. A 6 QL sample grown with the PLD method is reported to have n 2D ¼ 1.3 Â 10 14 cm À2 . 26 The bulk carrier concentration (n 3D ) follows a non-monotonic trend, and the values in the 2-25 QL range are plotted in Fig.  4(b) . A consistent increase in the values is observed until 6 QL after which n 3D sharply decreases for the 4, 3, and 2 QL films. This provides another evidence that the fundamental properties below 6 QL thickness, particularly at the 2 and 3-layer, are substantially different from thicker films. Since the carrier concentration is related to the Hall coefficient, R H ¼ 1/ne, R H shows a similar, but inverted, trend with thickness. We shall further discuss the implication of the Hall coefficient values in relation with mobility in Fig. 6 .
The variation of sheet resistance (R s ) with thickness is shown in Fig. 4(c) in terms of h/e 2 ¼ R k ¼ 25.812 kX, the Von-Klitzing constant. R s decreases monotonically from 4.6 Â 10 À3 R k for the 90 QL film to 0.1 R k at 6 QL, and over an order of magnitude change is observed from 6 to 2 QL level. Such a trend is qualitatively consistent with several reports of MBE samples on sapphire [14] [15] [16] where typically over an order of magnitude variation is observed between 6 and 2 QL. The sheet resistance values on quartz substrates reported here are higher compared to literature reports on sapphire and is rationalized in terms of higher surface roughness on quartz relative to sapphire (see Figs. 1 and 2) . The difference in R s values is marginal ($35%) when sputtered 4 QL films grown on sapphire are compared to high-quality MBE films 15 (see Tables T1 and T2 ). Hall mobility values at room temperature also show large variations with thickness as shown in Fig. 4(c) We interpret the variation of bulk resistivity and Hall mobility in terms of the measured optical bandgap values in Fig. 5 . Previously, we showed that the bulk bandgap of Bi 2 Se 3 blue-shifts by 0.3 eV as the thickness is reduced from 6 QL to 2 QL (Ref. 29 and Fig. S5) , which is consistent with first-principles electronic structure calculations. 43, 44 Our optical measurements also found evidence of Burstein-Moss effect that accounted for an additional enlargement of 0.2 eV in all films. The Burstein-Moss effect explains why films thicker than 6 QL films do not show the 0.3 eV bulk value. As clearly shown in the figures, the variation in resistivity and Hall mobility strongly correlates with the measured bandgap. Films with a higher bandgap show higher resistivity and lower mobility. The scaling behavior of resistivity can be fitted to q ¼ Ae
, which is roughly equal to (4 k B T)
À1 and about half the (2 k B T)
À1 scaling factor of an intrinsic semiconductor. Since Hall mobility is related to the resistivity through the relation l¼R H /q, (R H ¼ Hall coefficient ¼ 1/ne), the reduced mobility in few-layer Bi 2 Se 3 can be explained as due to the increase in resistivity which, in turn, as we argue is due to the increase in bandgap. Such behavior is reported in zero bandgap systems like graphene where the mobility reduces dramatically when a bandgap is induced. 45, 46 Therefore, we find that the behavior of ultra-thin Bi 2 Se 3 films is extremely sensitive to small changes in the bulk bandgap which can be interesting for device applications. Our interpretation can also explain the scaling behavior observed across different growth methods. [14] [15] [16] Extrinsic factors such as high carrier concentration, structural, and film-substrate disorder also play a strong role in transport. We performed temperature dependent measurements for different thicknesses and substrates to understand the role of such factors. In Figs. 6(a) and 6(b), the bulk resistivity and sheet resistance of 90, 15, and 4 QL Bi 2 Se 3 films on quartz is shown as a function of temperature (85-295 K). Two trends are noteworthy besides an increase in values with reduced thickness. First is the linear metallic behavior (dq xx /dT is constant) in the entire temperature range that is attributed to strong electron-phonon scattering from high carrier concentration. 47 Second is the progressive decrease in the slope with reduced thickness. This could imply a crossover to an insulating behavior at low temperatures for thinner films, similar to several, 15, 16 but not all, 14 reports on MBE films on sapphire. An insulating behavior is also reported in ultra-thin exfoliated Bi 2 Se 3 single crystals by Cho et al. from FET measurements. Both bandgap enlargement and disorder promote insulating behavior, and it is difficult to quantify their contribution from temperature dependent behavior alone. But taken together with optical absorption results and the disproportionate variation as a function of thickness, we assert that intrinsic effects are playing a big role. Evidence to this end includes the following: (a) optical data below 6 QL do not show strong broadening effects; (b) ultra-smooth, continuous films keep disorder-related effects to a minimum.
In Fig. 6(c) , we show the temperature dependence of Hall mobility for the 4 and 15 QL films on quartz. The mobility is essentially constant for the 4 QL film and somewhat stronger for the 15 QL film. Looking deeper, the Hall coefficient (R H ) is observed to be practically constant in the entire temperature range as shown in Fig. S6 , which implies that the temperature dependence of Hall mobility is directly related to the change in resistivity with temperature. The insensitivity of Hall coefficient, and mobility to a large extent, to temperature as a function of thickness is attributed to high carrier concentration and consistent with the work of Butch et al. 48 We have additionally fabricated Bi 2 Se 3 films on sapphire substrates to directly understand the influence of disorder below 6 QL (see Table T2 for values at 300 K). In Figs. 6(d) and 6(e), we compare the temperature-dependence of bulk resistivity and the sheet resistance of a 4 QL Bi 2 Se 3 film on sapphire and quartz. Comparison between films of same thickness is necessary to normalize the intrinsic effects. The resistivity of the 4 QL film is nearly double on quartz compared to sapphire. Also, the metallic behavior, as inferred from the slope in dqxx/dT curve, is stronger on sapphire. Both these data imply higher disorder on the quartz substrate. In Fig. 6(f) , we compare the temperature dependence of Hall mobility in 4 QL Bi 2 Se 3 deposited on sapphire and quartz. Again, both value and the slope are substantially different. The mobility values are 3-4 times higher on sapphire compared to quartz. This can be explained as almost equally due to higher conductivity [ Fig. 6(d) ] and higher Hall coefficient (see Fig. S7 ) of films grown on sapphire. The variation of Hall coefficient values, which is related to carrier concentration, is within the 30%-40% variation observed in samples of same thickness. The difference in the slope, however, originates almost exclusively from the change in resistivity and not Hall coefficient which is practically constant over the entire temperature range (see Fig.  S7 ). Therefore, temperature dependence of Hall response does not show direct substrate or thickness dependence and controlled strongly by carrier concentration.
Combining thickness and substrate dependence with temperature, we show that transport properties of ultra-thin Bi 2 Se 3 films are sensitive to extrinsic factors such as substrate-induced disorder scattering and electron-phonon scattering from high carrier concentration. The sapphire substrate provides a better lattice match and promotes low interface disorder with Bi 2 Se 3 which translates to better transport properties. Tuning of growth conditions will reduce unwanted carriers. Implementation of such advances will allow the intrinsic bulk and surface properties to dominate.
IV. CONCLUSION
Transport properties of ultra-smooth and high-quality Bi 2 Se 3 thin-films fabricated using magnetron sputtering are investigated between 2 and 100 quintuple layer thickness. We show significant changes in bulk and surface carrier concentration along with disproportionately large enhancement in bulk resistivity values and concurrently strong reduction in Hall mobility in films below 6 QL. Using complementary optical absorption measurements, we demonstrate that the variation in transport properties is consistent with an enlargement of the bulk bandgap of Bi 2 Se 3 . Temperature-dependent measurements show that both substrate and thickness have a strong impact on resistivity, whereas Hall coefficient is insensitive to temperature and controlled by high carrier concentration. The role of substrate-induced disorder, which also promotes an insulating behavior as the two-dimensional limit is approached, is highlighted by comparing the properties of samples deposited on amorphous (quartz) and crystalline (sapphire) substrates. Our work demonstrates that the transport properties of Bi 2 Se 3 films are highly tunable through finite-size effects which are of interest in applied areas such as nanoelectronics and spintronics.
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